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ABSTRACT 
Microfluidic paper-based analytical devices (µPADs) have attracted much attention over 
the past decade because they offer clinicians the ability to deliver point-of-care testing and 
onsite analysis.  Many of the advantages of µPADs, however, are limited to work in a 
laboratory setting due to the difficulties of processing data when using electronic devices 
in the field.  This review focuses on the use of µPADs that have the potential to work 
without batteries or with only small and portable devices such as smartphones, timers, or 
miniaturized detectors.  The µPADs that can be operated without batteries are, in general, 
those that allow the visual judgment of analyte concentrations via readouts that are 
measured in time, distance, count, or text.  Conversely, a smartphone works as a camera 
to permit the capture and processing of an image that digitizes the color intensity produced 
by the reaction of an analyte with a colorimetric reagent.  Miniaturized detectors for 
electrochemical, fluorometric, chemiluminescence, and electrochemiluminescence 
methods are also discussed, although some of them require the use of a laptop computer 
for operation and data processing. 
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Introduction 
Much of modern analytical chemistry has recently moved in the direction of measuring 
analytes onsite rather than collecting samples at a targeted time and location for transport 
back to a central laboratory for subsequent analysis.  Over the past decade, microfluidic 
paper-based analytical devices (µPADs or PADs) have demonstrated potential utility in 
point-of-care testing (POCT) and onsite analysis.  A proof-of-principle report by the 
Whitesides group in 2007 (1) introduced the concept, and since then many groups have 
demonstrated applications for the analyses of biomolecules, metal ions, and inorganic 
anions.  Many research groups have published comprehensive review articles on µPADs 
that provide a focused perspective and specific content.  From the years 2013 to 2017, 
several groups published overviews of their research on µPADs (2-6).  Conversely, many 
specific reviews have dealt with the fabrication of µPADs (7-9) and with detection 
methods that include electrochemistry (10-12), colorimetry (13,14), and 
electrochemiluminescence (15,16).  Reviews of µPADs used for specific purposes such as 
environmental analysis (17,18), biochemical analysis, and POCT (19-24) have also been 
published.  Other review articles have described topics such as the analyses of specific 
analytes (25,26), flow control (27), and energy applications (28). 
These and many other articles on µPADs emphasize the advantages in POCT and 
onsite analysis due to low cost and portability.   Many µPADs, however, remain far from 
practical for many of these purposes, and real applications in practical analysis are limited.  
Therefore, the present review is focused on the µPADs that actually show promise for 
applications to POCT and onsite analysis.  To achieve analysis in the field, µPADs must 
be operated without the need for large instruments, which includes a heavy power supply.  
Lateral flow assays (LFA) are important techniques in POCT, and many review articles 
of lateral flow immunoassays have been published since 2009 (29).  More than 10 related 
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review articles have been published since 2015, although we cite only a few here (30-33).  
Investigations into LFA have focused mainly on practical applications to the 
semi-quantitative analyses of a target molecule rather than on methodological 
developments.  Therefore, LFAs were not included in the present review in order to focus 
on the detection schemes of µPADs. 
Here, we discuss instrument-free µPADs, miniaturized detectors, and otherwise handy 
types that are transportable, although a portion of them still require a laptop computer to 
act as a system controller, a data processor, and/or a power supply.  Instrument-free 
µPADs employ readouts calibrated by time, distance, count, and/or text that are all, in 
principle, based on either colorimetry or fluorometry.  By using smartphones and other 
small devices, miniaturized detection systems provide colorimetric, electrochemical, 
chemiluminescence, and electrochemiluminescence methods. 
 
Instrument-Free Detection 
   In the early studies of µPADs, colorimetry permitted the detection of analytes either 
qualitatively or semi-quantitatively by comparing the color intensity of a sample with 
those of standards (1).  Both the amount and the concentration of an analyte can be 
determined semi-quantitatively via colorimetry using only the naked eye.  Measuring an 
analyte quantitatively, however, requires images from µPADs that can be subjected to 
image processing.  Therefore, quantitative analysis by µPADs based on colorimetry 
requires a digital camera or scanner to capture images and a PC for processing the images. 
   Digital cameras and PCs are transportable, but they are larger and heavier than µPADs 
for which portability and lightness are important advantages.  Therefore, the preferred 
detector for onsite analysis is the naked human eye, which is actually quite sensitive to 
colors, but presents difficulties digitizing color intensities.  To achieve quantitative 
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analysis by µPADs using only visual judgment, different research groups have developed 
methods of detection based on schemes that involve time, distance, count, or text. 
Time-based detection was first developed by the Philips group (34).  With this 
method, a µPAD with a timing readout produces a 3D structure that consists of stacked 
paper substrates (3D-µPAD), as shown in Figure 1(A).  The 3D-µPAD consists of two 
flow channels, one is for negative control and the other maintains positive control.  Each 
channel contains the substrate of a target enzyme, a phase-switching reagent that forms a 
hydrophobic barrier, and a dye that detects penetration of the sample solution. Glucose 
oxidase is immobilized on the bottom layer of the channel for positive control.  In 
determining alkaline phosphatase (ALP), glucose-6-phosphate was added as the substrate.  
When a sample containing ALP was introduced into the 3D-µPAD, glucose-6-phosphate 
was converted to glucose that was further oxidized by the immobilized glucose oxidase, 
and the result was H2O2.  The produced H2O2 cleaved the bonding of the phase-switching 
reagent, and made it hydrophilic.  Therefore, the flow rate increased with increases in the 
concentration of H2O2, and the amount depended on the concentration of ALP in the 
sample solution.  The timing readout of a 3D-µPAD permitted the detection of ALP on a 
sub-picomolar level. 
A similar strategy that used a timing readout was reported for the determination of 
H2O2 and metal ions (35-37).  Lewis et al. employed a timing readout for the 
determination of metal ions based on DNA cleavage in the presence of Pb
2+
 and a 
non-covalent complex formation of four polynucleotides in the presence of Hg
2+
 (36).  
Zhang et al. demonstrated the determination of H2O2 via a catalytic reaction of 
3’,3’,5’,5’-tetramethylbenzidine (TMB) with horseradish peroxidase in the production of 
hydrophobic products (35).  The hydrophobic products changed the wetting property of 
paper from hydrophilic to hydrophobic, so it subsequently prolonged the flow-through 
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time of the detection reagent.  The Zhang group also used a timing readout to measure the 
potassium ion in a formation of hemin/G-quadruplex conjugates (37).  A DNA probe 
binded with K
+
 and hemin molecules to form K
+
-stabilized hemin/G-quadruplex 
conjugates.  Subsequently, a peroxidase-like DNAzyme effectively catalyzed the 
H2O2-mediated oxidation of TMB to produce a highly hydrophobic poly-TMB product in 
the zone of the paper device.  A blank sample (without K
+
), however, would not enable 
the production of poly-TMB in the zone.  Therefore, the difference in the hydrophobicity 
of the reaction zone resulted in different flow-through times of the red ink solution, which 
acted as an indicator to detect the flowing solution.  The flow-through time was positively 
correlated with the concentration of K
+
 in the sample. 
   A distance-based readout was first proposed by Cate et al. using precipitation reactions 
in a channel on a paper substrate (38).  The fabrication, operation, and results are shown 
in Fig. 1(B).  These results demonstrated measurements of glucose, nickel, and 
glutathione using three different forms of chemistry: an enzymatic reaction, a metal 
complexation, and a nanoparticle aggregation.  Colorimetric reagents were deposited in a 
thermometer-like flow channel, and a sample solution was introduced into the channel.  
The colorimetric reagent reacted with an analyte to produce precipitation that formed a 
colored bar on the thermometer-like flow channel.  The colored bar developed until the 
analyte in the sample solution was completely depleted.  Distance-based detection has 
been applied to the simultaneous determinations of metal ions (39), lactoferrin (40), and 
DNA (41) wherein different detection schemes were employed for the analytes.  Tian et al. 
published a comprehensive review of distance-based readouts in microfluidic devices, 
including µPADs, in 2016 (42). 
Further applications of distance-based readouts were also reported in 2017 and 2018; 
the use of a µPAD for the analyses of DNAs (43, 44) and metal ions including copper (45), 
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mercury (46), and lead (47) was demonstrated using a distance-based readout.  Piyanan et 
al. reported an antioxidant activity assay of nanoceria wherein antioxidants were used to 
partially reduce Ce
4+
 to Ce
3+
, which resulted in a color change (48).  Shimada et al. have 
significantly improved the sensitivity of distance-based µPADs in the determination of iron 
via the continuous flow of a sample solution (49).  The limits of quantification were 
achieved at 28 ppb, which is comparable to that of inductively coupled plasma-optical 
emission spectrometry. 
   A counting-based readout was developed by Lewis et al. in the measurement of H2O2 
using a detection scheme similar to that of timing-based readouts where H2O2 was used to 
convert hydrophobic chemicals to hydrophilic versions (50).  Zhang et al. also 
demonstrated H2O2 measurement using a counting-based readout wherein the oxidation of 
I
-
 to I2 generated a color change in the detection zone (35).  Karita et al. employed a 
counting-based readout for acid-based titration (51) and chelation titration (52) using 
µPADs consisting of 10 reaction and detection zones located radially.  The reaction zone 
contained different amounts of a titrant whereas a constant amount of an indicator was 
deposited in the detection zone.  Therefore, a color change occurred either before or after 
the endpoint where the amount of the titrant was equivalent to that of the analyte.  An 
example of the operation and the results are shown in Fig. 1 (C). 
   Yamada et al. demonstrated text readout using a transparent sheet, which acts as color 
filters that allow a color change to be judged by the naked eye (53).  They employed a 
complex formation of albumin with tetrabromophenol blue (TBPB), which gradually 
changed the color from yellow to blue by combining with protein molecules.   Text that 
indicated the concentrations of albumin were printed on a paper substrate using a TBPB 
solution as ink so that the text changed color depending on the concentration of albumin.  
The µPAD was covered by a transparent film with five different screening colors, and each 
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color corresponded to a concentration of the complex between TBPB and albumin.  
Therefore, when the color of the complex became more intense than the screening color, 
the text was displayed on the µPAD.  The Yamada group listed the concentrations of 
proteins at 0.15, 0.3, 1, 3, and 10 mg mL
-1
 using text-readout µPADs.  A µPAD with a 
text-readout is shown in Fig. 1 (D).  Other text-based devices have been reported, but 
these, in principle, represent only a semi-quantitative threshold amount of an analyte 
(54-56). 
   These readout detection schemes are completely instrument-free, which allows onsite 
analysis and POCT.  Nevertheless, the demonstrations of onsite analysis or POCT have, 
in fact, been limited even though many articles have been published.  The stability of 
reagents and the poor sensitivity of naked-eye detection warrant further investigation 
before onsite analysis and POCT can truly be considered practical. 
 
Miniaturized Portable Detection Systems for µPADs 
In many examples, researchers have designed miniaturized, portable, and handheld 
detection systems that can be readily carried to remote and outlying locations to measure, 
collect, and process data obtained from µPADs.  These systems use various forms of 
input for detection: colorimetric, electrochemical, fluorescence, chemiluminescence, and 
electrochemiluminescence.  In this section, we review miniaturized detection systems that 
digitize and/or process the results obtained onsite via µPADs.  
 
Transmittance Colorimeter 
The most common analytical method for µPADs is colorimetry because it is relatively 
simple and the color intensity is proportional to analyte concentrations.  Moreover, 
colorimetric detection is cost-effective and straightforward to operate with minimal 
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training.  One of the simplest detectors in colorimetry is based on the measurement of 
transmittance, which is directly related to the absorbance of color generated by a chemical 
reaction.  Ellerbee et al. introduced a handheld colorimetric detector that measures the 
transmission of light through paper, i.e., a portable transmittance colorimeter (57).  The 
detector measures the transmittance of light passing through a µPAD where colors are 
developed.  The µPAD is completely enclosed in the sensing area of an optical IC 
detector to prevent the penetration of stray light.  The detector is equipped with a tricolor 
LED and an integrated switch to allow the user to select one of three illumination 
wavelengths.  The light is pulsed and detected by kHz modulation with a narrow 
bandpass and frequency-sensitive detection to enable sensitive measurements in a variety 
of lighting conditions.  Also, it is battery-operated and all the components (battery, 
detector, manifold, and substrate) are housed in an aluminum box (6.5×14.7×3.4 cm), 
which reduces the weight of the detector and makes it easier to hand hold.  A similar 
portable transmittance colorimeter has been employed for the colorimetric quantification 
of ascorbic acid (58).  Swanson et al. reported another type of portable reader that could 
assess light transmittance in µPADs for the measurement of alanine aminotransferase, an 
indicator of liver health in blood (59).  The handheld transmittance reader consists of two 
electrical circuit boards that drive a photodiode and LEDs, respectively.  The electrical 
circuit boards measure the light transmittance of the µPAD when placed between the 
photodiode and LEDs fixed on individual boards.  The portable reader has two operating 
modes: powered by a universal serial bus (USB) connection to a laptop computer and 
controlled using an accompanying desktop application, or powered from a battery while 
being operated independently with data stored in non-volatile memory for later retrieval.  
Recently, Pogrebniak et al. introduced the first simple, miniaturized, and low-cost 
handheld transmittance detector based on a Paired-Emitter-Detector Diode (PEDD) 
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principle (60).  This detector features only customary LEDs with no additional optical 
parts such as lenses, filters, or fibers.  The first LED acts as a light emitter whereas the 
second is a detector that generates a photometric analytical signal directly proportional to 
the analyte concentration.  A homemade low-voltage circuit based on a L272 chip is used 
for LED emitters powered by stable current, while LED detectors are connected to a 
handheld digital multimeter that functions as a voltmeter.  This portable PEDD-μPAD 
system can determine the amount of hemoglobin in human blood.   In addition, the 
portable PEDD can be employed as a fluorescence detector because the LED acts as a 
partially selective light detector (60).  Three types of transmittance colorimeters are 
summarized in Table 1. 
 
Image capturing and processing devices 
In general, quantitative analysis with colorimetry in µPADs requires the following 
steps: the capture of images, the processing of images, and the construction of a calibration 
curve.  The most important issue for precise and accurate onsite measurements is to 
maintain a constant image capture since the color intensity of an image is sensitive to the 
spectrum and intensity of the light source. 
Portable scanners (61,62) have been used as low-cost readers to capture images since 
the early stages of µPADs.  The use of portable scanners to capture the color images of 
µPADs offers advantages that include a highly precise source of light, high resolution, and 
scanned images that are in focus mode.  The scanned images are saved in JPEG format at 
600 dpi (the most common resolution due to the acceptable size of images).  The images 
undergo treatment by image processing software such as Adobe Photoshop® or ImageJ 
(63) that converts them to RGB (red, green, and blue) color intensities, CMYK (cyan (C), 
magenta (M), yellow (Y) and black or key (K)) (64), grey scale values (gray scale images 
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consist of combinations of black and white pixels), or HSV (Hue (H), saturation (S), 
values (V)) mode (65) in order to obtain and evaluate their colorimetric data.  The values 
of color are proportional to the analyte concentrations, and each mode that corresponds to 
the changes in color intensity can be used to plot a calibration graph. 
Jayawardane et al. (66) used a portable scanner coupled with a gas-diffusion µPAD for 
the onsite determination of ammonia in contaminated environmental water samples.  In 
their work, the measured color intensity was converted to absorbance according to a 
method established by Birch and Stickle (67), absorbance = -log(I/I0), where I is the mean 
for the color intensity of the sample or standard and I0 is the mean for the color intensity of 
the blank.  However, it should be noted that portable scanners require an external power 
supply, although the power is usually obtained from the USB port of a personal computer. 
Smartphone (or cell phone) cameras and digital cameras are optimal due to portability 
and advanced computing capabilities.  A huge number of applications concerning the 
integration of smartphones (68-72) and digital cameras (73-75) with µPADs as an onsite 
detection platform have been published and reviewed.  For the present review, we 
classified the applications into two categories according to the manner of image processing 
by smartphone cameras.  In the first category, smartphones or digital cameras act only as 
image capture devices whereby the image files are transferred to desktop or laptop 
computers either via USB connector, Bluetooth, or via cloud computing for further 
processing in order to measure the mean for color intensity and to generate quantitative 
data (68,72,76-78).  By comparison with portable scanners, cell phone cameras have 
disadvantages that involve the analytical features that are available.  For example, 
sensitivity in a glucose assay obtained by a portable scanner is three times higher than that 
obtained by a cell phone camera.  This is due to the illumination conditions that affect the 
intensities of digital images.  Furthermore, cell phone cameras cannot provide 
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high-resolution images of small test areas because of the difficulty in focusing on a closed 
distance between the camera phone and a µPAD.  In order to overcome and ameliorate 
these issues, researchers have used distinct hardware-to-device coupling strategies (79,80), 
the most common of which is the fabrication of a light-tight black box with LEDs to 
control the illumination conditions precisely and accurately (81-84). 
In the second category, images are analyzed directly on a smartphone by using an 
application programmed specifically for image processing that results in complete onsite 
analysis of the samples (85-87).  Ruiz et al. devised an android application for the 
simultaneous determinations of pH and nitrite concentration on µPADs (88).  The 
application contains seven sensing zones that produce selective color changes.  The flash 
of the smartphone is directly employed as a light source that can capture images in the 
dark.  This application analyzes changes in the hue and saturation coordinates of the HSV 
color-sensing zones via an algorithm customized for image-processing.  Results appear 
directly on the application screen.  The reliability of the smartphone as a chemical 
detector to measure pH and nitrite concentrations has been validated.  Moreover, Sicard 
and co-workers presented a smartphone application for the onsite colorimetric 
quantification of organophosphates in water samples (89).  Their system consists of a 
µPAD and a smartphone equipped with a camera for capturing images.  This system 
requires two µPADs for a single measurement; one tests a water sample and the other tests 
a clean water sample as a control.   
Smartphones also permit the identification of the sampling locations via global 
positioning (GPS), which allows researchers to tag the analytical results with the locations 
on the map of a website.  Moreover, in order to minimize the variations induced by 
lighting conditions, the images of control and test samples can be captured simultaneously 
side-by-side in a vertical position.  Images consisting of both test and control µPADs can 
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guarantee the same lighting conditions and highly accurate measurements.  On the other 
hand, dose-response curves to vary the concentrations of two types of pesticides have been 
plotted using both ImageJ and iPhone applications.  The iPhone produced lower IC50 
values for two types of pesticides, and showed changes in intensity at lower pesticide 
concentrations, which was attributed to better detection limits.  However, this application 
reports only the intensities of pixels as RGB values.  In order to calculate the 
concentrations of samples, calibration curves must be plotted against the concentrations of 
an analyte.          
   As previously established, the three choices available for capturing the images of 
µPADs includes scanners, smartphones, and digital cameras, and the size decreases in the 
following order: scanner > digital camera ≧ smartphone.  Both the resolution and 
reproducibility of the scanner are the best.  In addition, ambient light must be controlled 
to take images by digital cameras and smartphones since the images are sensitive to the 
illumination conditions.  In terms of portability, however, smartphones show the most 
promise for onsite analysis because they can both capture images and process them. 
 
Electrochemical detection 
After colorimetry, electrochemistry, amperometry in particular, is the second most 
widely used method for µPADs.  It is well known that electrochemical detection (ECD) 
has unique features that result in high sensitivity and high selectivity with the appropriate 
choice of detection potential and/or electrode material (90).  The assays of ECD-µPADs 
have been extensively explored due to small size, robustness, low cost, portability, 
miniaturization with digital readout, and simplicity of instrumentation (91,92).   
As with traditional electrochemical systems, ECD assays on µPADs involve a 
three-electrode system that includes a working electrode, a counter electrode, and a 
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reference electrode.  Henry and co-workers first reported the concept of electrochemical 
detection using µPADs, and referred to them as electrochemical microfluidic paper-based 
analytical devices (EµPADs) (90).  In their work, the working and counter electrodes 
were fabricated by printing carbon ink onto chromatographic paper, while the reference 
electrode and conductive pads were constructed from silver/silver chloride conductive ink.  
Screen printing is the most popular method currently being used to fabricate these 
electrodes on a paper substrate.  Other electrode fabrication methods in EµPADs include 
inkjet printing (93), pencil drawing (94), stencil printing (95), incorporating micro-wires as 
electrodes (96), and direct writing onto a paper surface using a pen (97). 
In order to enhance the electrochemical signal and obtain lower limits of detection for 
EµPADs, modifying electrodes with nanoparticles has become one of the most common 
strategies.  Several methods to achieve this goal (98) have already been published, and 
the process continues to undergo development.  For example, Nantaphol et al. (99) used a 
boron-doped diamond (BDD) working electrode modified with silver nanoparticles 
(AgNPs) to develop a µPAD that could sense cholesterol.  A bare BDD electrode showed 
low sensitivity to H2O2, which was increased by the addition of AgNPs that have shown 
excellent electrocatalytic activity in H2O2 reduction.  In another example of a modified 
electrode, Rungsawang and coworkers developed an EµPAD for the detection of glucose 
in human blood serum, soft drinks, apple juice, and sweet tea.  They modified 
screen-printed carbon electrodes by mixing cellulose acetate with carbon ink and using 
4-aminophenylboronic acid as a redox mediator to improve the sensitivity to glucose (100).  
It is noteworthy that some researchers have used gold as an alternative material for 
fabricating and modifying electrodes because of its excellent conductivity and unique 
features (101-104).  For application to onsite analysis, however, all the EµPADs 
mentioned here must use a transportable potentiostat for measurements and a laptop with 
15 
 
suitable software for the signal readout.           
On the other hand, some research groups have developed EµPADs for use with a 
handheld, portable device that can rapidly extract quantitative electrochemical readouts.  
The first attempt was by the Whitesides group (105).  Their idea was based on combining 
EµPADs with a commercial hand-held glucometer (Fig. 2 (A)) for the quantitative analysis 
of several analytes such as glucose, cholesterol, and lactate in human plasma or whole 
blood, and ethanol (or acetaldehyde) in water samples.  The EµPADs are fabricated on 
chromatography paper by means of wax printing.  The EµPADs consist of four electrodes 
(a working electrode, a counter electrode, and two internal reference electrodes) that are 
printed using graphite ink with wires and contact pads printed using silver ink.  Wu et al. 
and Wang et al. integrated an EµPAD with a commercial glucometer for the detection of 
ethanol and β-hydroxybutyrate (BHB) (106,107, respectively).  The portable glucometers 
are convenient for electrochemical detection with EµPADs. 
A portable potentiostat for the electrochemical detection was fabricated in-house by 
Zhao and co-workers (108), as shown in Fig. 2 (B).  This handheld potentiostat is 
combined with EµPADs for the simultaneous determinations of glucose, lactate, and uric 
acid in urine samples.  The EµPADs contain eight bio-sensing modules; each module 
contains hydrophilic channels patterned with hydrophobic wax and three carbon electrodes 
screen-printed on the appropriate test zones.  The contact pads are fabricated using silver 
strips.  Detection is based on enzyme-catalyzed reactions, whereas the corresponding 
enzymes and electron-transfer mediators are stored in test zones.  Unfortunately, a 
personal computer is needed to drive this portable potentiostat. 
In order to make the potentiostat completely portable without a personal computer, a 3 
V battery was integrated on a printed circuit board to power the circuit.  Furthermore, 
smartphones have also been used in the development of electrochemical biosensors.  
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Fujimoto et al. developed a small, low-cost, and portable electrochemical biosensor 
consisting of a smartphone and an electrochemical biosensor device, as shown in Fig. 2(C) 
(109).  The fabrication of this µPAD was accomplished by drawing three electrodes on 
chromatography paper using a carbon pencil (6B), while the pattern of the hydrophobic 
area was printed by a wax printer.  The sensing device basically contains a 
complementary metal oxide semiconductor (COMS) chip.  The CMOS chip has a USB 
that connects to a µPAD.  Amperometric measurements are achieved using the iOS 
application developed by the Fujimoto group.  The CMOS chip is connected to the 
earphone jack of a smartphone to apply a constant potential, which is controlled by 
adjusting the volume of the smartphone (iPod touch), to the electrodes on an µPAD.  The 
output of the potentiostat, which corresponds to the current generated by the 
electrochemical reaction, is converted to a digital signal to be transmitted back to the iPod 
touch via microphone.  The electrochemical biosensor for the µPAD measures glucose 
(109) and ethanol gas via coupling with enzymatic reactions (110).  
Conversely, smartphones have the ability to receive data from other electronic devices 
via Bluetooth.  This feature has been exploited by researchers to develop wireless 
electrochemical paper-based platforms and systems for different assays including 
amperometry and potentiometry (111-113).  Fan et al. developed a wireless POCT system 
with electrochemical measurement for the onsite testing of neuron-specific enolase (NSE) 
(113).  This system consists of a µPAD, an electrochemical detector, and a smartphone 
with an Android application.  The μPAD uses a three-electrode system in which the 
working and counter electrodes are screen-printed with carbon ink while the reference 
electrode is screen-printed with Ag/AgCl ink.  The surface of the working electrode is 
modified with nanocomposites synthesized by graphene functionalized with amino groups, 
thionine, and gold nanoparticles (NH2-G/Thi/AuNPs) for NSE detection.  The 
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electrochemical detector consists of a potentiostat and a current-to-voltage converter 
powered either by a battery or USB port.  Also, the detector is programmed with sweep 
voltage for generating a waveform for differential pulse voltammetry.  The results are 
transmitted via Bluetooth from the detector to a smartphone, while Android applications 
working on smartphones were developed to record, display, and analyze the detection 
results of NSE.  An example of the wireless electrochemical detector is shown in Fig. 2 
(D). 
 
Fluorescence detection 
Fluorescence, chemiluminescence, and electrochemiluminescence forms of detection 
are intrinsically more sensitive than colorimetric detection because of the low background 
in the measurement of emitted light.  Fluorescence μPAD assays involve fluorescence 
quenching-based detection (114,115) and fluorescence emission-based detection (116,117).  
To enhance the sensitivity of fluorescence μPAD assays, quantum dots are frequently 
embedded (118), immobilized (119), and printed (120) on paper.  Also, fluorophores can 
be bound to the surface of paper (121,122).   
As described in the section on colorimetry, Pogrebniak et al. (60) developed a low-cost 
PEDD for both photometric and fluorometric detection.  The selection of LEDs depends 
on the excitation and emission maxima of the analyte, because the emission wavelengths 
of the LEDs for the excitation source and for the detector should be as close as possible to 
the excitation and emission maxima of the analyte, respectively.  For example, 
fluorescein has an excitation maximum at 490 nm and an emission maximum at 521 nm; 
therefore, a blue (470 nm) LED would be selected for the excitation source with a red (630 
nm) LED serving as the detector for fluorescence.  Taudte et al. (123) developed a 
low-cost and portable fluorescence detector that uses μPADs to measure the level of 
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fluorescence quenching of pyrene by explosive compounds.  Their detector consists of a 
UV-LED (365 nm) powered by a 3W battery and an ambient light photodiode sensor (500 
nm).  Under the optimized conditions, 10 different organic explosives including nitrate 
esters, nitro aromatics and nitro amines have been detected using the detector prototype 
with μPADs.  The performance of the detector has been comparable to the bench-top 
instruments that were used to validate it. 
Petruci et al. used a microfiber optic USB spectrometer instead of either a LED or a 
photodiode to develop a portable, online fluorescence detector with a disposable 
paper-based gas sensor platform for the in-situ determination of gaseous hydrogen sulfide 
(124) that uses a LED (470 nm) as the excitation source.  The determination of H2S was 
based on the fluorescence quenching of fluorescein mercury acetate (FMA) by H2S gas.  
One main advantage of the detector is a short response time (60 s), which enables its use in 
rapid-analysis applications, and gives it the ability to detect small changes in the 
background of H2S concentrations.  
One of the earlier examples of a digital camera in fluorescence measurements was 
reported by Petryayeva et al. (125) for the determination of peptides based on Förster 
resonance energy transfer (FRET).  First, they immobilized semiconductor quantum dots 
(QDs) on paper substrates, which were then incubated with a dye-labeled peptide substrate 
in the same positions to generate an efficient FRET.  While LED light (405 nm) excited 
the QDs, the images were captured by a digital camera and analyzed on the basis of the 
red/green color intensity ratio.   
A recent paper by Guzman and co-workers (126) highlights the advantages of using a 
low-cost CMOS camera with a µPAD for onsite fluorescence measurements.  They 
described the development of an integrated platform, which consists of a µPAD and a 
portable detection system comprised of a power source, a UV-LED, a chip holder, a hot 
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plate, a CMOS camera, and a smartphone, which can be used for the determination of 
formaldehyde at low concentrations.  The detection of formaldehyde was based on a 
Hantzsch reaction.  Briefly, the reaction zone of the µPAD is coated with ammonium 
acetate and acetoacetanilide (AAA).  After dropping a formaldehyde solution onto the 
reaction zone of the µPAD and illuminating it with a LED light, the resultant fluorescent 
complex of AAA and formaldehyde is observed via a CMOS camera, and the digital image 
is transferred via connection to a smartphone with RGB color analysis software installed 
for the quantitative measurement of formaldehyde.   
Smartphones are frequently equipped with efficient sensors, high-quality cameras, and 
computational ability.  These features have been used as miniaturized and portable 
analytical tools in fluorescence measurements to capture fluorescent responses and 
quantify the assays in different fields incorporated with µPADs, whereas the captured 
images are analyzed using image-processing software to measure the RGB or gray values 
(127,128).     
Recently, Song et al. (128) developed a portable and cost-effective device for online 
preconcentration fluorescent whitening agents.  The system consists of a µPAD, UV-LED, 
macro-focusing lens, smartphone, and a miniaturized DC voltage source.  The main idea 
of their work was to enhance µPAD performance with electrokinetic stacking and to use a 
smartphone as a fluorescence image detector.  The acquired images are processed by 
ImageJ software to measure the gray values.  The developed system shows a limit of 
detection (LOD) (0.06 µg/mL) that would approximate that (0.013 µg/mL) achieved by a 
desktop fluorescent spectrophotometer, which was used instead of a smartphone to 
measure the fluorescence. 
 
Chemiluminescence and electrochemiluminescence detection 
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Chemiluminescence (CL) sensors measure the light intensity (the photon emission) 
generated by the chemical reactions of two reactants in the presence of a catalyst or an 
excited intermediate.  Compared with fluorescence-based sensors, CL-based sensors 
require no external light sources, which is advantageous because it decreases the 
background noise and miniaturizes the detector.  Because of high sensitivity, a wide 
dynamic range, and a low cost, CL is very attractive to researchers as a sensitive and 
efficient detection technique for μPADs.  Alhamad et al. (129) developed a miniaturized 
chemiluminescence detection system for the determination of Cr (III) in water samples.  
The system consists of a μPAD, a small photomultiplier tube module (22×22×60 mm), a 
power supply operated at 1.2V, and a holder made of dark black acrylic for the μPAD.  
The novelty of their work lies in their μPAD design as well as in the holder.  Each μPAD 
consists of 6 channels that allow the determination of 6 different samples in succession.  
Each channel is composed of an injection zone, a reaction zone, and a waste zone.  The 
μPAD can generate signals with a peaked shape by fabricating an additional waste zone 
that has preventing too much of the reagent from staying in the reaction zone.  Moreover, 
the holder is equipped with 6 optical fibers that connect the reaction zone to a 
photomultiplier tube in order to achieve 6 successive measurements of the samples and 
standards.  In their work, 6 sequential injections were completed within 1 min for each 
µPAD, which resulted in a short analysis time and high throughput.   
An inexpensive charge-coupled device (CCD) camera served as the detector for a 
CL-µPAD assay that was first developed by Liu et al. (130) in the detection of 198-bp 
DNA fragments.  The developed system detects long DNA amplicons on the basis of 
hybridization reactions with a covalently immobilized DNA probe and strands of 
biotin-labeled signal DNA.  Under their optimal conditions, the LOD was 3 to 5 orders of 
magnitude lower than those obtained from other CCD-based microfluidic CL DNA assays. 
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The use of digital cameras and smartphones as low-cost and reliable readout tools has 
been successfully combined with CL-μPADs for several applications in analytical fields, 
such as the detection of H2O2 in biological samples (131) and salivary cortisol (132).  
Spyrou et al. (133) demonstrated the advantages of using a digital camera and a 
smartphone as detectors for CL-µPAD assays.  They developed a method for the 
chemiluminometric genotyping of a C677T single-nucleotide polymorphism (SNP).  In 
order to detect the emerging chemiluminescence from the sensing areas, the authors 
constructed a 3D-printed smartphone attachment that houses inexpensive lenses that helps 
convert the smartphone into a portable chemiluminescence imager.  Their work 
highlighted the ability to discriminate two alleles of a SNP in a single shot by imaging the 
strip, which avoided the need for dual labeling.    
As an alternative to μPAD assays (134), electro-generated chemiluminescence (ECL) 
depends on electrochemical reactions to generate luminescence.  The most common ECL 
reagents are tris(bipyridine)-ruthenium(II) (Ru(bpy)3
2+
) and luminol.  The advantages of 
ECL over CL include low background signals and selectivity that is enhanced by 
controlling the electrode potential, but a potentiostat is required.  
In 2010, Delaney et al. (135) used a mobile phone camera to capture images of ECL 
emissions on a µPAD for the determination of 2-(dibutylamino)-ethanol (DBAE) and 
nicotinamide adenine dinucleotide (NADH).  The images were analyzed using a program 
called “Python” that separates the pixels into red, green, and blue values.  Their method 
could detect DBAE and NADH at levels of 0.9 µM and 72 µM, respectively.  Mani et al. 
used a CCD camera to measure ECL light in onsite environmental monitoring (136).  In 
their work, the images from μPADs were processed using Gene Snap software that was 
converted to a color scale via Adobe Photoshop.  Their method was successfully applied 
to measuring the presence of genotoxic equivalents in environmental samples.  In another 
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example, Doeven and co-workers (137) developed a new strategy for multiplexed ECL 
detection for low-cost, portable clinical diagnostic devices that utilize a digital camera as 
the detector.  Theirs was the first demonstration of red, green and blue (RGB) emitters 
effectively resolved using distinct applied potentials.  Thus, the RGB values of the ECL 
intensity versus applied-potential curves could be effectively isolated to a single emitter at 
each potential.  The ECL images captured by a camera were analyzed by ImageJ 
software; the mean RGB values were measured using the “Measure − RGB Values” 
function built into ImageJ. 
In all the examples, however, the authors relied on the use of expensive potentiostats to 
generate the applied electrode potential, which underscores a critical problem for ECL 
detection when cost and portability are required.  To overcome this problem, Delaney and 
co-workers (138) applied the electrode potential from the audio socket of a mobile phone 
by using suitable software (a Java-based application written for Android devices) that 
served the basic function of a potentiostat, which is to control an applied potential in order 
to initiate an electrochemical reaction.  The maximum output voltage was 1.77 V.  The 
application initiated an ECL reaction by playing an audio file containing a generated 
square waveform that consisted of a 100 ms positive interval and a 40 ms negative interval.  
Meanwhile, the ECL signal intensity was captured using the same application with the 
camera in video mode at a resolution of 320×240 pixels and approximately 30 fps.  The 
total red intensity from the RGB channel was proportional to the analyte concentrations, 
and was extracted in real time from these images.  The maximum output voltage was 
approximately 1.77 V which was sufficient to generate ECL from the 
Ru(bpy)3
2+
/co-reactant system.  
Recently, Chen et al. (139) developed a hand-held paper-based bipolar 
electrode-electrochemiluminescence (P-BPE-ECL) system for portable biochemical 
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analysis at the point-of-care level.  The system uses a rechargeable battery as a power 
supply, an electronic circuit for voltage control, a smartphone as a detector for the ECL 
signal, a µPAD, and an instrument container.  For the P-BPE-ECL system, the carbon 
ink-based BPE and driving electrodes are screen-printed on a paper substrate.  The 
images are captured with a smartphone and wirelessly transmitted to a personal computer. 
The images are processed using ImageJ software, which converts the brightness of each 
pixel on the micrograph to photon counts.  The authors highlighted several attractive 
features of the P-BPE-ECL system, the most important of which is that the P-BPE-ECL 
device requires only a low level of driving voltage, and the total energy-consumption is 
small.  Furthermore, the P-BPE-ECL system has been successfully applied to the 
determination of H2O2 and the detection of glucose in different samples within acceptable 
levels for sensitivity, dynamic range, stability, and reproducibility.  Moreover, this system 
has the potential for high-throughput glucose screening. 
 
Other detection methods 
In place of large-scale equipment, portable surface-enhanced Raman spectroscopy 
(SERS) was recently integrated into μPADs for onsite analysis due to ease of operation, 
rapidity, specificity, and high sensitivity.  Chen et al. (140) developed a portable sensor 
for the onsite determination of sulfites in wine.  The sensor consists of a gas-diffusion 
μPAD with a portable Raman spectrometer for SERS.  The gas-diffusion μPAD was 
fabricated by assembling layers of patterned filter paper containing a hydrophilic sample 
zone impregnated with a sulfuric acid solution followed by a PTFE hydrophobic 
microporous membrane layer and finally by a ZnO paper disc.  The resultant μPAD was 
laminated to maintain the alignment of these layers.  The novelty of the μPAD is the 
ability to separate and preconcentrate gas on a paper-based platform.  In another example, 
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Villa and his co-worker developed a quantitative method for the onsite determination of 
uric acid in urine by using a portable Raman spectrometer combined with a paper-based 
substrate coated with gold nanoparticles (141).  
In addition to the known and traditional analytical instruments, a wearable technology, 
the Google Glass, has been developed.  Feng et al. (142) used the Google Glass for 
qualitative and quantitative measurements of lateral flow assays.  More accurately, they 
used it for qualitative human immunodeficiency virus testing and for quantitative 
prostate-specific antigen testing.  The main features of this platform are as follows: 
hands-free, voice-controlled interface, storage of information on a centralized server, 
detecting and processing multiple targets imaged using the Google Glass built-in camera 
under natural illumination conditions, and real-time spatio-temporal tracking of various 
diseases and personal medical conditions.  
 
Conclusions 
We have reviewed μPADs that are portable with readouts intended for validation using 
only the naked eye.  These portable detectors have been developed for different types of 
applications due to the advent of new materials and technologies.  As this review shows, 
smartphones play many roles in detection systems ranging from optical to electrochemical 
due to unique features that include high-quality camera lenses, processing ability, input 
and output signaling, and the ability to transmit data to other devices.  Obviously, the 
performance of smartphones is approaching that of personal computers, and in many cases 
smartphones are already replacing personal computers.  Compared with electrochemistry 
and luminescence detection systems, colorimetric detectors require no special attachments 
such as potentiostats and excitation light sources, which has simplified their use in a 
variety of research areas.  On the other hand, all-in-one detection devices (108,110,113) 
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have the advantage of being fully portable systems for most applications that require a 
portable potentiostat such as electrochemical detection, in particular.  However, major 
challenges for these detectors include LODs as well as area coverage, particularly in 
POCTs.  We hope that insight from our review will inspire readers to develop more 
portable and miniaturized detection methods in all research fields. 
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Figure Legends 
Figure 1.  Principles of the instrument-free detections in µPADs.  (A) Time-readout, (B) 
Distance-readout, (C) Counting-readout, and (D) Text-readout.  (A) and (D): Taken from 
Ref. 34 and 53, respectively.  (B): Taken from Ref. 38. 
 
Figure 2.  Portable electroctrochemical analyzers.  Commercial glucometer coupled with 
an EµPAD, (B) Multichannel potentiostat for an EµPAD, (C) Smartphone-based 
electrochemical detector, and (D) Data transfer system from the electrochemical device via 
Bluetooth.  (A): Taken from Ref. 105. (B): Taken from Ref. 108. (C): Taken from Ref. 
109. (D): Taken from Ref. 111 with permission of Institute of AIP Publishing. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Assay region Control region 
Sample 
Glucose oxidase (Gox) 
Substrate 
Buffer containing MgCl2 
Phase-switching reagent (hydrophobic) 
Green dye 
Substrate Product + H2O2 
GOx 
Hydrophobic Hydrophilic 
H2O2 
Start the measurement 
when the layer turns green 
Stop the measurement 
when layer 1 turns green 
layer 1 
layer 2 
layer 3 
layer 4 
layer 5 
Figure 1 (A) 
Figure 1 (B) 
Before sample injection Sample injection 
Reaction Detection 
H+ + OH–           H2O H2In + 2OH
 –           In2 – + H2O 
Figure 1 (C) 
Figure 1 (D) 
Figure 2 
(A) 
(B) 
Figure 2 
(D)  
(C)  
Table 1 Summary of transmittance colorimeters used with different μPADs and reaction system. 
Analyte/Sample 
matrix 
Reaction 
Analytical 
features 
Device image and description Ref. 
Bovine serum 
albumin 
(BSA)/Urine 
Complex formation 
between BSA  and 
tetrabromophenol blue 
LR: 0-20µM 
LOD: (na)  
RSD: (na) 
R2 : (na) 
  
(57) 
Alanine 
aminotransferase/
Blood 
Enzymatic Reaction with 
Alanine 
transaminase, pyruvate 
oxidase, thiamine 
diphosphate, 4-
aminoantipyrine, and N-
ethyl-N-(2-hydroxy-3-
sylfopropyl)-3,5-
dimethoxyalanine 
LR: 17-66 U 
L−1  
LOD: 6 U L−1   
RSD: (na) 
R2 = 0.924 
(59) 
(a) Paper assay design.  
(b) Design of handheld portable reader. 
(c) An LED/PD pair surrounds the reading zone on each arm 
of the assay. 
Hemoglobin/ 
Human blood 
Lysis of erythrocytes with 
sodium lauryl sulfate 
(sodium dodecyl sulfate) 
 
 
 
 
 
 
 
 
 
 
 
LR: 0.5–30 
g L−1 
LOD: 0.6 
mg L−1  
RSD: (na) 
R2 : (na) 
(60) 
Taken from Ref. 57.  Taken from Ref. 59. Taken from Ref. 60 with permission of Elsevier. .  
LR: Linear range, LOD: Limits of detection, RSD: Relative standard deviation, R2: Correlation coefficient. 
Transmittance measurement Reflectance measurement 
